Cells from patients with the human genetic disorder ataxia-telangiectasia (A-T) are defective in the activation of cell cycle checkpoints in response to ionizing radiation damage. In order to understand the role of ATM in checkpoint control we investigated whether Schizosaccaromyces pombe chk1, a protein kinase implicated in controlling the G2 DNA damage checkpoint, might alter the radiosensitive phenotype in A-T cells. The ®ssion yeast chk1 gene was cloned into an EBV-based vector under the control of a metallothionein promoter and transfected into A-T lymphoblastoid cells. Induction of chk1 enhanced the survival of an A-T cell line in response to radiation exposure as determined by cell viability and reduction of radiation-induced chromosome aberrations. This can be accounted for at least in part by the restoration of the G2 checkpoint to chk1 expressing cells. There was no evidence that chk1 expression corrected either the G1/S checkpoint or radioresistant DNA synthesis in S phase in these cells. These results suggest that chk1 when overexpressed acts downstream from ATM to restore the G2 checkpoint in these cells and correct the radiosensitive phenotype. These data allow us to dissociate individual checkpoint events and relate them to the radiosensitive phenotype in A-T cells.
Introduction
Exposure of mammalian cells to ionizing radiation leads to a delay in progression of cells from G1 into S phase, inhibition of DNA synthesis and a delay in the progression from G2 phase into mitosis (Leeper et al., 1972; Konig and Baisch, 1980) . Yeast mutants defective in checkpoint control at either the G1/S or G2/M transitions lose chromosomes spontaneously and are hypersensitive to ionizing radiation and/or fail to maintain the dependence on completion of prior cell cycle events (Weinert and Hartwell, 1990; Li and Murray, 1991; Jimenez et al., 1992; Al-Khodairy and Carr, 1992) .
Some interesting parallels exist between these yeast mutants and cells from patients with the human genetic disorder ataxia-telangiectasia (A-T). This syndrome is characterized by immunode®ciency, neurological abnormalities, hypersensitivity to ionizing radiation, cell cycle abnormalities and cancer predisposition (Sedgwick and Boder, 1991; Lavin and Shiloh, 1997) . The basis of the radiosensitivity in A-T cells remains unknown but it is evident that a failure to repair a sub-category of double-strand breaks in DNA contributes to the radiosensitive phenotype (Cornforth and Bedford, 1985; Badie et al., 1995) . Anomalies in cell cycle control also appear to be a contributory factor to the radiosensitivity (Beamish and Lavin, 1994) . It is now well established that A-T cells are defective in activating checkpoints at G1/S, during S phase and at G2/M in response to ionizing radiation exposure (Houldsworth and Lavin, 1980; Painter and Young, 1980; ZampettiBossler and Scott, 1981; Nagasawa and Little, 1983) .
To date, greatest insight has been obtained into the molecular nature of the defect at the G1/S phase checkpoint in A-T cells. When cells are exposed to radiation, p53 is activated/stabilized to prevent the passage of cells from G1 to S phase resulting in inhibition of DNA synthesis (Kastan et al., 1991) . Failure to eciently activate the G1/S checkpoint in A-T cells is at least partially due to a defective p53 response (Kastan et al., 1992; Khanna and Lavin, 1993) . The whole radiation-induced signal transduction pathway operating through p53, its target gene p21/ WAF1, cyclin-dependent kinases and Rb protein phosphorylation is defective in A-T cells (Canman et al., 1994; Khanna et al., 1995) . Under these conditions cyclin E-cdk2 dependent histone H1 kinase activity was inhibited by radiation in control cells but not in A-T cells . In keeping with the failure to activate checkpoints in S phase or at G2/M, no radiation-induced inhibition of cyclin A ± cdk2 (cdc2) or cyclin B ± cdc2 kinase was observed in A-T cells indicative of a common pathway normally mediated by ATM . We have previously shown that overexpression of p53 in A-T cells is capable of activating the G1/S checkpoint but was unable to change the radiosensitive status of these cells . Defective interaction between ATM and the protein tyrosine kinase c-Abl, and as a consequence a failure to observe c-Abl kinase activation post-irradiation, could also contribute to the G1/S checkpoint abnormality (Baskaran et al., 1997; Khanna et al., 1997) .
The exact mechanism(s) for G2 checkpoint activation in response to DNA damage remains unclear but recent data with S. pombe support a model where chk1 protein kinase maintains p34 cdc2 in its tyrosine phosphorylated, inactive state for the duration of the checkpoint arrest (O'Connell et al., 1997; Rhind et al., 1997) . Overexpression of chk1 in wild type S. pombe led to cellular elongation and a failure to enter mitosis (Al-Khodairy et al., 1994; Ford et al., 1994) . This was the same phenotype as observed with a number of radmutants suggesting that these function upstream of chk1 in checkpoint arrest (Walworth and Bernards, 1996) . More recently it has been shown the cell cycle arrest after chk1 overexpression is dependent on the wee1 tyrosine kinase, and chk1 may phosphorylate wee1 directly resulting in a maintenance of activity (O'Connell et al., 1997) . However, this response is clearly more complex than this, as the cdc25 phosphatase has also been implicated as a chk1 target . Further, the human chk1 homologue (hchk1) is capable of phosphorylating cdc25 on a serine residue (S216 for cdc25C), which results in association of cdc25C with 14-3-3 proteins throughout interphase (Peng et al., 1997; Sanchez et al., 1997) . In this state, the 14-3-3 bound cdc25C is inactive (Ogg et al., 1994) , 14-3-3 proteins also interact with wee1 (Honda et al., 1997) , and are required for both normal G2 control and response to chk1 overexpression (Ford et al., 1994) . Thus chk1 may signal through both wee1 and cdc25, possibly in¯uencing interactions with 14-3-3 proteins, and lead to a maintenance of inhibition of p34 cdc2 for the duration of a checkpoint arrest.
Since chk1 is a downstream eector in the rad3-dependent DNA damage pathway (Walworth and Bernards, 1996) and rad3p is related to ATM through a phosphatidylinositol 3-kinase domain (Savitsky et al., 1995) , it is possible that there may be common intermediates in the damage signal transduction pathways. Accordingly, we overexpressed yeast chk1 in A-T cells to monitor for correction of aspects of the radiosensitive and cell cycle checkpoint phenotypes in these cells. In short chk1 restores the G2/M checkpoint in A-T cells and corrects the radiosensitive phenotype. No eects on either the G1/S or S phase checkpoints was observed allowing us to relate individual cell cycle checkpoints defects to the phenotype in A-T.
Results

Cloning and expression of S. pombe chk1 in human cells
The chk1 protein appears to function downstream of several proteins involved in G2 checkpoint control (Walworth and Bernards, 1996) . One of these proteins, rad3p, is related to the human ATM protein through a PI3-kinase domain and an adjacent region (Savitsky et al., 1995; Zakian, 1995; Lavin et al., 1995) . Since the phenotype of rad3 mutants is related to that for A-T cells it is likely that they share intermediates in the radiation-induced G2 checkpoint pathway. Accordingly, we determined whether chk1 might substitute for ATM and correct some aspects of the A-T radiosensitive/cell cycle phenotype. In order to investigate this we cloned the S. pombe chk1 cDNA into an EBV-shuttle vector for expression in human cells (see Materials and methods). pMEP4 was chosen since it allows inducible expression of chk1 cDNA directed by a metallothionein II promoter (pMchk1) in the presence of CdCl 2 (Vousden et al., 1993) and has been used successfully to complement the A-T defect with ATM cDNA .
RT ± PCR con®rmed inducible expression of chk1 mRNA in pMchk1 transfected cells. Ampli®cation of a DNA fragment approximately 770 kb in size (the predicted size) was only observed in pMchk1 transfected cells, incubated with CdCl 2 for 6 h ( Figure  1, lane 5) . This fragment corresponded in size to a product ampli®ed from pMchk1 recombinant vector (lane 6). No fragment was detected in uninduced, transfected cells (lane 4) or in normal control or A-T lymphoblastoid cells (lanes 2 and 3). Immunoblotting with anity puri®ed anti-chk1 sera failed to detect chk1 in these cell lines. On longer exposures, appearance of non-speci®c cross reacting bands which comigrate with chk1 expressed in ®ssion yeast made interpretation of these blots impossible. However, based on the Cd 2+ -dependent ampli®cation of chk1 mRNA by RT ± PCR, we conclude that pMEP4 is directing Cd
2+
-dependent expression of chk1 in these cells.
S. pombe chk1 corrects the defective G2/M checkpoint in A-T cells
Zampetti- Bosseler and Scott (1981) reported that X-ray sensitive ®broblasts from patients with A-T exhibited less mitotic delay than cells from normal donors when exposed to radiation. Lymphoblastoid cells synchronized at G2/M were subsequently used to con®rm these ®ndings (Beamish and Lavin, 1994) , demonstrating that the G2 checkpoint was not being activated in A-T cells at short times after irradiation. Given the role of chk1 in G2 checkpoint control and its possible involvement downstream of ATM, we predicted that overexpression of chk1 in A-T cells would bypass a Table 1 demonstrate that the percentage of mitotic ®gures in irradiated control cells (C3ABR) is reduced to less than 10% of that in an unirradiated sample at 2 h post-irradiation. This value remained low to 4 h post-irradiation with considerable recovery being evident by 6 ± 8 h (post-irradiation) and the presence of CdCl 2 did not have a signi®cant eect. Under the same conditions radiation only reduced mitotic index to 60% of the value in untreated cells for the A-T cell line, AT1ABR by 2 h. At later times there was a reduction in mitotic index, plateauing at 20 ± 30% compatible with increased cell killing in A-T cells. Similar kinetics of inhibition of progress into mitosis was observed for uninduced, transfected AT1ABR cells and for cells into which empty vector was transfected. However, when transfected cells were incubated with CdCl 2 for 6 h prior to irradiation, the kinetics of inhibition of cells appearing in mitosis resembled that seen in normal control cells. Mitotic delay was maximal at 2 ± 4 h and the pattern of recovery from 6 ± 24 h was very similar to that in irradiated control exposed to CdCl 2 . The use of CdCl 2 only for untransfected cells (results not shown) and empty vector controls (pMEP4) failed to alter the percentage of cells in mitosis.
Chk1 increases radioresistance in A-T cells as determined by cell survival and chromosome aberrations
Hypersensitivity to ionizing radiation is observed in A-T patients exposed to therapeutic radiation (Goto et al., 1967; Morgan et al., 1968) and in cultured cells from these patients (Taylor et al., 1975; Chen et al., 1978) . There is evidence that this radiosensitivity is due to passage of damaged cells through the cell cycle and to the eventual accumulation of these cells in G2/M where they die (Beamish and Lavin, 1994) . Activation of the G2 checkpoint by overexpression of chk1 might be expected to enhance cell survival in A-T cells postirradiation if this checkpoint contributed to cell survival. The characteristic radiosensitivity of uninduced, transfected AT1ABR cells to ionizing radiation is evident from Figure 2 , where survival is reduced to 2 ± 3% of untreated cells after 4 Gy of g-rays compared to 20 ± 30% for a normal control, C3ABR. Induction of pMchk1 with CdCl 2 had a dramatic eect on survival of transfected AT1ABR which was almost the same as that for the control cell line, C3ABR ( Figure   2 ). CdCl 2 incubation did not alter survival in untransfected cells. The data presented represent a time course at a single dose (4 Gy). Similar data were observed over the dose range 1 ± 3 Gy (data not shown). Thus the restoration of the G2 checkpoint in A-T cells enhanced their survival post-irradiation.
It is also well established that A-T cells undergo an approximately threefold increase in radiation-induced G2 phase chromosomal aberrations compared to control cells after radiation exposure (Taylor et al., 1975) . This is also a good indicator of radiosensitivity in A-T cells Zhang et al., 1997) . Approximately 1 induced chromosome aberration (ICA)/metaphase is observed in control cells after exposure to 1 Gy of radiation (Table 2 ), compared to three in AT1ABR cells. Transfection of AT1ABR cells with chk1 without induction by CdCl 2 failed to alter the value, 3.18 ICA/metaphase. On the other hand induction of chk1 with 5 mM CdCl 2 reduced the number of aberrations to 1.20/metaphase in these cells, similar to that seen in control cells, strengthening 25 59 For chk 1 gene induction, 5 mM CdC1 2 was added to the cultures 6 h before exposure to g-radiation (1.5 Gy). Samples were collected at the indicated times and mitotic nuclei were counted from at least 1000 cells in two independent experiments.*The mitoic index in unirradiated transfected and untransfected cells was approximately 3% Figure 2 Correction of the radiosensitive phenotype in A-T cells by yeast chk1. pMchk1 transfected cells were induced (CdCl 2 ) or uninduced for chk1 expression with 5 mM CdCl 2 . Cell viability was determined by Trypan blue exclusion as described previously . This assay provides an excellent discrimination between survival in A-T and control cells. Non-transfected normal (C3ABR) and A-T (AT1ABR) were used as controls. Each point represents an average of triplicate experiments and bars are s.d. The positive sign refers to the addition of 5 mm CdCl 2 the observation that G2 checkpoint restoration altered the response of A-T cells to radiation. Under these conditions CdCl 2 alone did not cause any aberrations.
Eect of chk1 expression on the G1/S checkpoint
Exposure of cells to ionizing radiation leads to activation of a radiation signal transduction pathway operating through ATM, p53, p21/WAF1 which causes inhibition of cyclin E ± cdk2 kinase activity and as a consequence arrest of cells in G1 phase (Kastan et al., 1991; Dulic et al., 1994) . It is now well established that this entire pathway is defective in A-T cells (Canman et al., 1994; Khanna et al., 1995) . If the activity of chk1 is directed primarily through cdc25c/wee1 and thus the G2 checkpoint, its overexpression in A-T cells would not be expected to correct the defective G1/S checkpoint in these cells. In order to check this we used immunoblotting to assay for the induction of p21 post-irradiation. When C3ABR cells were exposed to grays (3 Gy) we observed a fourfold increase in p21 by 2 h post-irradiation ( Figure 3a , lanes 1 ± 4), whereas the response in AT1ABR cells was defective (1.3-fold at 2 h, Figure 3b , lanes 1 ± 4). Transfection of AT1ABR cells with empty vector or pMchk1 (uninduced) gave a pattern of induction similar to that in the parental line (Figure 3c and d; lanes 1 ± 4) . Since CdCl 2 was employed to induce Chk1 it was important to assay for any eects of CdCl 2 alone on p21 induction. CdCl 2 had a marked eect on p21 induction in the control line C3ABR which was not altered by radiation (Figure 3a ; lanes 5 ± 8). On the otherhand CdCl 2 alone failed to elicit a response in untransfected AT1ABR cells and the radiation response was unchanged ( Figure  3b , lanes 5 ± 8) when comparison was made with cells exposed to radiation alone (Figure 3b, lanes 1 ± 4) . The induction of p21 by CdCl 2 may be related to the pathway induced by radiation since it is also defective in A-T cells. Under these same conditions induction of chk1 in transfected AT1ABR cells failed to provide evidence of correction of the defective p21 response (Figure 3d ; lanes 5 ± 8). No improvement in the p21 response to radiation was observed in empty vector transfected, inducted AT1ABR (Figure 3c, lanes 5 ± 8) . PCNA was used as a loading control in all experiments. The somewhat higher basal levels of p21 in AT1ABR may re¯ect a constant state of oxidative stress in these cells (Rotman and . Since the G1/S checkpoint does not appear to be corrected by chk1 in A-T cells it suggests that ATM activates several pathways to control cell cycle progress in response to ionizing radiation damage. The data also point to a speci®c role for chk1 only in the G2 checkpoint under these conditions, and are consistent with experiments in ®ssion yeast which indicate no role for chk1 in delaying the onset of S phase in irradiated G1 cells (M O'Connel, unpublished).
Eect of chk1 expression on the S phase checkpoint
Exposure of mammalian cells to ionizing radiation causes inhibition both of initiation of DNA replication and chain elongation (Painter and Young, 1980) . This characteristic pattern of inhibition of DNA synthesis is Chromosome aberrations were analysed in 50 metaphases for each determination. Sb, chromatid breaks; cb, chromosome breaks; int, interchanges. Cells were irradiated with 1 Gy Figure 3 Radiation-induced increase in p21/WAF1 as determined by immunoblotting in control and A-T cells. (a) C3ABR cells exposed to g-rays (3 Gy) and incubated for 1, 2 or 3 h prior to protein extraction. Cells were preincubated with CdCl 2 (+) or (7) without CdCl 2 for 6 h prior to irradiation.
(b) AT1ABR cells exposed to g-rays (3 Gy) and CdCl 2 as in (a). (c) AT1ABR cells transfected with empty vector pMEP4 and treated with radiation and CdCl 2 as described in (a). (d) AT1ABR cells transfected with pMchk1 and treated as described in (a)
G2/M checkpoint in ataxia-telangiectasia P Chen et al very much reduced in A-T cells and the phenomenon has been referred to as radioresistant DNA synthesis (Houldsworth and Lavin, 1980; Painter and Young, 1980) . It was of interest to determine whether overexpression of chk1 might in¯uence the S phase checkpoint in A-T cells. Exposure of C3ABR cells to radiation over the range 5 ± 30 Gy led to a biphasic pattern of inhibition of DNA synthesis, being reduced to approximately 25% of the unirradiated value at 30 Gy ( Figure 4 ). Radioresistant DNA synthesis is evident in AT1ABR cells showing less inhibition at all doses over the range. In induced, transfected AT1ABR, radioresistant DNA synthesis was still present and synthesis appeared to be even more resistant (Figure 4) . Part of this increase is due to a Cd 2+ eect which is observed when either AT1ABR or C3ABR are irradiated in the presence of CdCl 2 . While there is a more marked eect of CdCl 2 on DNA synthesis in AT1ABR correction of the defect by chk1 would be expected to produce a pattern similar to control where the CdCl 2 eect was minimal, which it did not. Thus the S phase checkpoint is not restored in the presence of chk1 expression.
Discussion
In the present study we attempted to de®ne further the role of ATM in a pathway(s) leading to the activation of a single checkpoint, the G2 checkpoint. In S. pombe several mutants have been described that are unable to arrest the cell cycle in response to DNA damage at the G2 checkpoint (Weinert and Hartwell, 1990; AlKhodairy et al., 1994; Ford et al., 1994) . One of these genes, chk1, encodes a protein kinase that appears to function downstream of all other checkpoint genes to elicit a cell cycle arrest via cdc25 and wee1 to maintain tyrosine phosphorylation of p34 cdc2 (O'Connell et al., 1997; Rhind et al., 1997; Furnari et al., 1997; Sanchez et al., 1997) . Irradiation of cells leads to phosphorylation of chk1 itself, and this response requires all of the upstream checkpoint components, including rad3 (Walworth and Bernards, 1996) . The rad3 gene is related in sequence and function to several cell cycle control genes including ESRI (MECI) (S. cerevisiae), mei-41 (Drosophila) and the human genes ATR and ATM (Zakian, 1995; Lavin et al., 1995; Bentley et al., 1996) . Accordingly, it seemed likely that hchk1 might operate downstream from ATM in G2 checkpoint control. Our results showed that S. pombe chk1 overexpression corrected the defective G2 checkpoint in A-T cells. This was evident from a marked decrease in the percentage of irradiated G2 phase and late S phase cells entering mitosis over the ®rst 4 h after irradiation. The number of cells entering mitosis was comparable to that in irradiated control cells. Yeast mutants that have lost the G2 checkpoint are hypersensitive to DNA-damaging agents including ionizing radiation (Al-Khodairy and Carr, 1992) . A-T cells are also characterized by extreme radiosensitivity but since all checkpoints are defective in these cells there remains some doubt about the importance of individual checkpoints in cell survival post-irradiation. It is unlikely that the failure of A-T cells to mount an eective p53 response to radiation accounts for any of the radiosensitivity since no correlation has been observed between propensity to radiation sensitivity and either the absence or mutation in p53 (Clarke et al., 1993; Lee and Bernstein, 1993; Lowe et al., 1993; Slichenmyer et al., 1993) . In addition, while enforced expression of wild type p53 in A-T cells activated the G1/S checkpoint, it failed to alter the radiosensitivity in these cells . However, when full-length ATM cDNA was introduced into A-T cells, under the control of the same metallothionein promoter used with chk1, it corrected all the defective checkpoints . The results described here, under conditions where neither the G1/S nor S phase checkpoints are activated, but where correction of the G2 checkpoint occurs, reveal a marked enhancement in cell survival in A-T cells after exposure to ionizing radiation. Clearly the dierence in survival (up to fourfold) cannot be accounted for by greater resistance only of those cells in G2 phase at the time of irradiation since the proportion of cells in G2 phase at any one time would represent only 10 ± 15% of the total. Activation of the G2 checkpoint links mitosis to events occurring in S and possibly G1 phase and in this way might be expected to enhance survival after radiation exposure. In this context it is notable that enhanced radioresistance has been observed in transfected A-T cells without correction of the radioresistant DNA synthesis phenotype, indicating that a defect in the S phase checkpoint does not contribute to the radiosensitivity (Lehmann et al., 1986) . On the contrary an enhancement of radioresistant DNA synthesis was observed when the yeast gene was expressed in A-T cells. This can be partly explained by an eect of CdCl 2 which was evident not only in the transfected cells but also in the control cell line. While a role for ATM at both the G1/S and G2/M checkpoints is being elucidated the defect at the S phase checkpoint remains unresolved. The apparent stimulating eects of CdCl 2 and the yeast gene may be explained when the nature of radioresistant DNA synthesis is described. As in the case of yeast cell cycle mutants, A-T cells fail to activate the checkpoint, attempt mitosis before DNA repair is complete, presumably resulting in lethal missegregations. This is supported by earlier results showing that caeine allows bypass of the eventual G2 delay in A-T cells but results in mitotic catastrophe (Bates et al., 1985) . Hence, it seems likely that inappropriate entry into mitosis leads to the radiosensitivity in A-T.
While S. pombe rad3 is related to ATM, its closest human homologue is ATR/FRPI Cimprich et al., 1996) . Overexpression of a`kinase dead' mutant of ATR increases sensitivity to ionizing radiation and abrogates radiation-induced G2 arrest (Cliby et al., 1998) . In addition complementation of the S phase defect in A-T ®broblasts occurs after overexpression of wild type ATR. The loss of viability in A-T cells resulting from disruption of ATR points to their sharing an essential function. It is of interest that Atm and Atr interact directly with meiotic chromosomes, with Atr localized at sites along asynapsed chromosomes and Atm on synapsed chromosomal axes . In this case these proteins appear to be responding to DNA strand interruptions during the process of meiotic recombination. Chk1 has been shown to colocalize with Atr on asynapsed axes of the synaptonemal complex on murine meiotic chromosomes (Flaggs et al., 1997) and since they are both involved in G2 checkpoint control this may be a direct functional colocalization. Furthermore there is evidence using atm 7/7 mice that the synthesis or stabilization of chk1 in mouse testes is dependent on Atm, placing it downstream in G2 checkpoint control. Thus at least in testes it is possible that the G2 checkpoint defect is due to lack of chk1. The DNAdamage response pathway upstream of ATM in mammalian cells may be more complex than in S. pombe since there are at least two rad3 homologs, ATM and ATR, both of which are associated with chk1 and both are implicated in cell cycle control (Westphal, 1997) .
How is it then that overexpression of chk1 selectively activates the G2 checkpoint and corrects aspects of the radiosensitive A-T phenotype? Since chk1 is downstream of Atm and dependent on it in the testis one possibility is that this is also the case in AT1ABR lymphoblastoid cells and introduction of the yeast gene into these cells by transfection compensates for the loss of endogenous chk1. This is unlikely to be the case since equal amounts of hchk1 protein were detected in AT1ABR and C3ABR but there is a defect in activation of chk1 in AT1ABR cells (Khanna et al., unpublished) . Previous data demonstrate that a gainof-function caused by overexpression of chk1 alone in S. pombe acting downstream of the ATM homologue rad3, leads to G2 arrest (Al-Khodairy et al., 1994; Ford et al., 1994; Walworth et al., 1993) . In addition moderate overexpression of chk1 in S. pombe rad mutants, at levels that do not eect mitotic entry, restored partially their level of survival after DNA damage (Walworth et al., 1993) . This eect appears to be mediated by tyrosine phosphorylation of cdc2. The results obtained can be interpreted to mean that chk1 is downstream from ATM, as in testes, and overexpression of the yeast chk1 gives a phenotype similar to that reported for rescue of upstream rad mutants in S. pombe. We cannot formally rule out that chk1 is not downstream of ATM but becomes involved in a compensatory mechanism, e.g. altered levels of ATR as a consequence of the loss of ATM might recruit overexpressed chk1 to a speci®c signalling pathway. Clearly, the G2 checkpoint is complex and it is likely that ATM is involved in dierent pathways in this checkpoint.
Materials and methods
Cloning of S. pombe chk1 cDNA in Epstein ± Barr virus (EBV)-based shuttle vector
The chk1 cDNA was ampli®ed from a plasmid template by PCR using Vent DNA polymerase (NEB) and the following primers: Forward: CCCAAGCTTACC-ATGGCTCAAAAATTA (HindIII site underlined, chk1 sequence bold). Reverse: CGGAATTCTTAATTTTGT-GAAACATC (EcoRI site underlined, chk1 sequence bold). Ampli®ed products were digested with HindIII and EcoRI, and subcloned into pBluescriptKS(+). Fidelity of PCR was checked by DNA sequencing. This insert was then removed by digestion with KpnI and NotI and subcloned into pMEP4, to produce pMchk1.
Transfection of human lymphoblastoid cells
Transfection of EBV-transformed lymphoblastoid cells was carried out as described previously . Brie¯y, 2610 6 exponentially growing cells were pelleted, rinsed twice with FCS-free medium (Opti-MEM, BRL) and resuspended in 1 ml of Opt-MEM medium containing 6 mg of pMchk1 plasmid DNA and 20 mg of Lipofectin (BRL). After incubation for 6 ± 7 h at 378C, 4 ml of serum containing RPMI-1640 medium was added and the cells were further incubated. Selection for resistant cells was begun 48 h post-transfection with hygromycin B (Boehringer Mannheim) at 0.2 mg/ml. Stably transfected cells are usually obtained as survivors in suspension culture at 3 ± 4 weeks post-transfection.
RT ± PCR
Total RNA was extracted from cells using the guanidinium thiocyanate method. For RT ± PCR, 5 mg of RNA was used to synthesize cDNA with 1600 units of MMLV reverse transcriptase and 100 mg of random hexamer primers in a total volume of 20 ml. This cDNA was used as a template for PCR using primers designed to amplify 767 bp of the yeast chk1 gene. Forward primer 5'-CCCAATGGA-GATGGGTAGTAC-3' (nucleotides 251 ± 271) and reverse primer 5'-CTTCTACACGATCCAACTCC-3' (nucleotides 1018 ± 999).
Cell survival
Chk1 cDNA expression vector (pMchk1) transfected cells were induced or mock-induced for chk1 expression with 5 mM CdCl 2 for 6 h. The cells were pelleted, suspended in RPMI-1640 medium and plated out at 2610 5 /ml in culture plates and irradiated with 4 Gy (2.8 Gy/min) of g-rays. Cell viability was determined by adding 0.1 ml of 0.4% trypan blue to a 0.5 ml cell suspension . The number of viable cells were counted up to 4 days postirradiation. Non-transfected cells were used as controls.
Induced-chromosome aberrations
Cells were irradiated with 1 Gy of g-rays. For G2 phase cells, colcemid (®nal concentration 0.1 mg/ml) was added immediately after irradiation, 1 ± 2 h prior to harvesting. The cells were treated for 15 min in 0.075 M KCl, ®xed in methanol-glacial acetic acid (3 : 1) and spread on glass slides. The cells were then stained with Giemsa and 50 metaphases were analysed for each sample .
Mitotic delay
The extent of radiation-induced mitotic delay was determined by measuring mitotic indices with time after irradiation. Cells were exposed to 1.5 Gy of g-rays and samples collected at 1 h intervals for the ®rst 24 h. Irradiated and unirradiated cells were treated with 0.075 M KCl followed by ®xation in methanol-acetic acid (3 : 1) as described above.
Immunoblotting
Cells were harvested and lysed by homogenization in 25 mM HEPES, 0.25 mM sucrose, 1 mM EGTA, 5 mM MgSO 4 , 50 mM NaF, 1 mM DTT, 5 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mM benzamidine and 2 mM PMSF buer. Nuclear pellets were lysed in lysis buer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 25 mM NaF, 25 mM b-glycerophosphate, 0.1 mM sodium vandate, 0.1 mM PMSF, 5 mg/ml leupeptin, 1 mg/ml aprotinin, 0.2% Triton X-100 and 0.3% NP-40). Protein concentration of nuclear extracts was determined by the Bradford microassay. Protein extracts (20 mg) were solubilized in one ®fth of a volume of 56concentrated sample buer, 0.25 M Tris. HCl, pH 6.8., 0.4 M DTT, 5% SDS, 0.5% Bromophenol Blue and 10% glycerol) and separated on a 12% gel. Following electrophoresis, proteins were transferred to PVDF membranes (DuPont), blotted in 5% skim milk overnight and then probed with p21/WAF1 antibodies and visualized using the ECL method (Amersham). Densitometric scanning was used to quantify protein.
Radioresistant DNA synthesis
In order to determine the eect of radiation on DNA synthesis logarithmically growing cells transfected with pMchk1, 75 ml volumes of cells (4610 4 ) were added to wells of a 96-well microtiter plate. The cells were mock induced or induced with CdCl 2 (5 mM). After incubation for 6 h at 378C, the cells were irradiated with 0, 5, 10, 20, 30 Gy of g-radiation.
[ 3 H]Thymidine (Dupont-NEN, NET027X) (0.2 mCi/ml) was used to measure DNA synthesis for 3 h at 378C post-irradiation.
